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SUMMARY /2)
A modified technique using a partially filled rectangular cavity-

resonator is described. This technique is analogous to the technique

described earlier by the author in which a partially filled tunable cylin-
drical cavity resonator is employed. The theory and the method of operation

of this technique are discussed and the special advantages resulting from its

use are pointed out.
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Introduction

A number of resonance methods of dielectric nieasurements have been
described earlier by Lambl, Hornerz, Collie et a13 and Sinhaé. In Lamb's
method one needs a disc sample with an accurate fit with the diameter of
the Holn cylindrical cavity resonator used. Hotston?, however, has worked
out a perturbation relation by which one may evaluate the real part of the
permittivity in the Lamb's technique for disc samples having a considerable
 clearance between themselves and the inner walls of the cavity. He does not,
however, investigate the possibility of the evaluation of loss-tangents for
such samples and hence one needs to use a sample with a good fit for re-
liable evaluation of loss-tangent. Horﬁer uses rod samples longitudinally
filling a non-tunable EOIO cavity ﬁhile Collie uses a thin capillary
filled with water extending coaxially along the entire length of a Holn
cavity for the evaluation of the dielectric properties of water. Sinha4 and

Brown, however, have described a technique using a Ho, cylindrical cavity

In
where the samples are in the form of rods which partially fill the cavity along
its axis. This technique offers the facility that the sample need not have
an accurate fit with respect to any one dimension of the cavity and also the
cavity being tunable, all the measurements could be made at any fixed fre-
quency.

In practice this method proved very successful except that the advantages
obtained resulted from an increased computational work due to the complex

solution of the Maxwell's fields inside the system and also that one is limited

only to rod samples.




-3-
As it is quite offen the case that ;he dielectric méterials are available
in the form of plane sheets, it was felt desirable therefore, to have a
technique which could have most of the advantages of the aforementioned
technique4 and could employ a sample in the form of a sheet or plane slab
for the derivation of its electrical properties, Hence, a2 par
technique has been developed using a rectangular cavity resonator formed by
using a standard x-band waveguide, in which the samples would be in the form
of thin sheets partially filled the cavity along its length and having their

widths equal to the narrow dimension of the guide. The sample could either

be in contact with the sidewall or alternatively be in the center of the

- cross-section of the guide. The other end of the guide is closed by a

)

tuning plunger. The cavity is coupled to the generator and the detector
through holes in the side walls,

- It must be mentioned here, ﬁéwever, that although one of the major
advantages available by using the cylindrical cavity resonator method, i.e.,
of having specimens that do not need to have an accurate fit with any of the
cavity dimensions, is not present, it has all the other desirable features.
In fact, as the solution of the Maxwell's equations for this system turns
out to be simpler than the solution for the cylindrical resonator system,
the expressions for the various parameters in terms of the measurable
quantities (the guide wavelength in the partially filled portion and the

Q factors for two different insertions of the sample differing by half a
wévelength) turn out to be much simpler, thereby, reducing the computational

labor considerably as compared to the technique described previouslyh. In

addition, as the cavity in this case is operated in its dominant mode and
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the dimensions of the cavity are such that theproblems due to the presence
of unwanted modes are not encountered. This is a definite advantage over
the author's previous technique in which the experiment is éone in the HOln
mode which is not the dominant mode of the cylindrical cavity. Hence, special
precautions are taken in dimensioning the cavity for the suppression of the
unwanted modes.

It is also believed that the limitation of having the sample width
equal to the narrow dimension of the cavity is not a great inconvenience due
to the simple shape of the sample and the convenient size of the cavity's
cross section.

In addition, the samples can either be in the center where the electric
field and hence the perturbation ié the maximum or alternately the sample
could be at the side walls when the perturbation is small. One can use the
former configuration for the investigations of low permittivity and low
electric loss materials while the latter configuration will offer advantages
for the materials having high permittivities and higher electrical losses,

Qutline of the Method

The procedure involved in the evaluation of the various parameters are
exactly the same as in the author's previous method and is outlined below.

The real part of the permittivity is evaluated from the measured value
of the wavelength inside the partially filled portion of the cavity and
the loss-tangenet is obtained by measuring the Q of the cavity corresponding
to the two insertions of the dielectric specimen differing by half a guide

wavelength.
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The photograph of the cavity system used in the present work is shown .

in Fig.. 1. The cavity is made from a length of standard X-band waveguide

and is resonant in its dominant HO mode.. At one of the closed ends there

14
is a provision for the tuning of the cavity by the accurately controlled
movement of theplunger while at the other =2nd provision has been made for

the controlled insertion of the dielectric sample inside the cavity either
along its center or élong its sidewall. This end of the cavity is terminated
by a thick backing plate having recesses cut both at the center and along the
ends. Provision has been made for closing either the central recess or the
end recess on this plate depending on whether one is inserting ghe sample
through the‘center or through the side. The width of these recesses can

also be varied by screwing in recténgular plates in.order to be able to
investigate samples having different thicknesses. The other end of the

sample is held by a screw in a recess on another fixed plate which is attached
to the shaft of a micrometer in order to insert the sample inside the cavity
by measured amounts. The backing plate on the dielectric side is chosen
sufficiently thick so that no power may leak out of the cavity through the
recesses provided for the insertion of the samples. The coupling to the
generator and the detector is made through holes cut in the sidewalls.

The wavelength in the partially filled portion is evaluated from the
curve obtained by plotting the total length of the cavity system against the
length of insertion of the dielectric and the resulting curve is identical
in form to those obtained by the well known Feenberg6 me thod. -

The quality factor is evaluated at a fixed frequency from the resonance

curve by detuning the cavity with the help of the tuning plunger. The




-6-
expression correlating the half width frequency Af with the corresponding
.M 1is obtained by differentiating the equation as shown in the appendix.
Theory

The cavity system under discussion is basically as shown in Fig. 2

consisting of a length "d" of the empty waveguide and a length "' of the

partially filled waveguide. The junction between the two waveguides may be
assumed to be loss-free and as such can be represented by an ideal trans-
former with a turn ration "n" at certain characteristic reference planes7.

The equivalent circuit of tﬁe syétem can, therefore, be shown as in Fig. 3
where do and Lo are taken to be the distances of the reference planes
from the actual junction in order to account for the phase changes introduced.
The condition that the circuit of Fig. 3 should resonaté at a given frée space
wavelength is:
£Qh El kd‘\'ao) s-n? 2':7./_Z| “‘ahPa (Q%—Qo) 1

- where Bl’ 82 are the phase change co-efficients and Zl’ Z., the wave

2
impedances in the empty and partially filled portions of the cavity
respectively. Now, instead of specifying both the impedances in the above

equation one can specify only one impedance, say Z, and put n = 1. The

1
value of ZZ/ZI is fixed. Hence ZZ/Z1 can be used as the third parameter
to give the value of the reflection coefficient at a discontinuity. Such

a procedure has been justified by Collin and Brown8 by using Schwinger's

variational method and also by Sinha9 by using a different approach.

The equation (1), therefore, is now written as:

Yon pildrd) = - 24 dan pa (il *




. dotted line, is given by

o;- —l an F,d ’
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where d' =d + do and 4' =1 + Lo

The ;bove equation coupled with Feenberg's theory can therefore be used
to predict the form of dependence getween 4' and d'. 1In the present
application it is most convenient to plot (d' + 4') against 4'. The curve
of (d' + 4') against 4' has the shape shown in Fig. 4. The curve of
(d +1) vs 14 will also have the same slope but will be displaced by an
amount Lo aléng the horizontal axis and by an amount (do + Lo) along

the vertical axis. The man slope of the curve, i.e., the slope of the
B,

from experiment and B1 can be simply calculated. This enables the deter-

The value of this slope can be measured

mination of 82, i.e., the phase change coefficient in the partially filled
portion. Hence, the only remaining step in the determination of €. is
. the correlation of 82 with er .

It may also be mentioned that the values of do and Lo, defined in
Eq. (3), can be determined from the curve of (d + 4) vs £ as it can be
shown that corresponding to its point of maximum slope,

d+l +aat b = Py, ) S S

and k
Q = A — .
+ O, ‘V ay - - - _ K )

p and q in the above equations are integers and easily deducible from the

known values of Kl, A, and the physical length of the cavity. The values

2

of do and Lo are needed in some of the derivations as will be seen later.
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The foregoing discussion is valid for both the cases, i.e., when the
sample is in contact with the side wall and also when the sample is at the

center of the cross section.

Evaluation of er* from Bzilzl

{i) Case when the sample is in contact with the sidewall

" The arrangement for this case is shown in Fig. 5. Pincherleylo has
considered such a system and obtained the characteristic equations for the
HO1 mode supporting Ex’ Hy and Hz. The same equation , however, is more

readily obtained from transverse resonance conditions and is written as

b tiet) = =R lit) - - - -- - - m om0 - ()
and q’n (k1) - -¥ank2(°~*£)/kzt
Kl and K2 appearing in the above equations are of the nature of

propagation constants and are given by:
K|2' = U)zﬂ,C‘—- Fz .- . e (1)

2.
kzz - Loz l_‘oeo - F . - - — _ (8)

where & is the permittivity of the sample and B 1is the phase change

coefficient inside the guide system,

The procedure for the evaluation of € from B 1is as follows. K

2
" is first obtained from Eq. (8) and Kl may then be evaluated from the trans-
cedental Eq. (6). The substitution of Kl in the Eq. (7) now enables the

determination of € or ellso , the relative permittivity of the sample,
In practice, howvever, it is desirable to have charts from which the

dielectric parameters could be read directly, given the required experimental

data, Such charts have been computed for a range of the sample thicknesses

and for three different frequencieé, i.e., 8 Kmc, 10 Kmc and 12 Kmc, and
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are given in Figs. 6, 7 and 8 respectively.

(ii) The sample along the center of the cross section of the guide.

The cross section of the arrangement having the sample along the center
of the guide is shown in Fig. (9). Such a system has been considered earlier
by Vartanianlzet al, who obtained Lhe characteristic equation for this system;
supporting either E or H mode, Howéver, the same equation is obtained

simply by the transverse resonance conditions and is given for the dominant

HO mode as

1
4 ’
’ 111
¢l (kl{') = 2&4, ?l (kzd) h - - - = - (9)
’ 1,¢ ’
where qpl (Kl’.(') = cot K'{/z and C{’_&CK:L'CU = tan k;é/‘(;‘;
K, ['/9_ :
Once again, Ki and Ké in Eq. (9) are given by the following relations:
12 /2
KT = wl?pe, - BT - - - — - (10)
’2
Ky 2 wi?peCe—PF - .. - . . _ .

g* ﬁeing the phase change coeffiéient for this configuration.

The procedure for evaluating €, -from Eqs. (9-11) are thé same as for
the previous case. The theoretical charts, for directly reading € from
the experimental data, have been prepared for a range of sample sizes for
this case and are shown in Figs. (10-12) for the respective frequencies of
8, 10 and 12 Kmc/s.

Limitation on the Thickness of the Sample

It nmust be mentioned at this stage that although there is no specification
regarding the precise value of the thickness to be measured by either of these

methods, a limitation to the thickness of the sample is imposed by the condition
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of single mode propagation because above a certain value of the thickness,
the cavity in addition to the dominant mode can support the mext higher
mode and the experimental determination of wavelength is complicated as the

curve of d + 4 vs 4 becomes very irregular for such a case. Hence, the

. s
thicknese of the sample correspondin

o toa a
g Lo ar

1w particular e should be such
r

that the H02 mode is cﬁt off.

This value of €. for HO, cut-off is determined from Eqs. (6-8) for

the side filled case by putting B equal to zero in the eqs. 7 and 8, as

the form of the characteristic equation remains unchanged for the HO2 mode.10

For the case of the centrally filled system, however, one cannot use

Dq. (9) as the characteristic equation for HO2 mode is given byu’l2

. , 4an k:y/z

Now, by using Eqs. (10-12) and putting B3' equal to zero, ome can evaluate

I'4
- -\-ank:_d/k; .- (12)

the maximum value of €, corresponding to any thickness for keeping the
HO, mode at cutoff.

2

It must be noted, in addition, that K., and K! in Eqs. (8) and (11)

2 2

become imaginary if -8 or B' exceeds Bo or B; » or in other words,
the guide wavelength becomes smaller than the free space wavelength., Hence
thgre is a limiting value of the thickness of the sample for any particular
€ beyond which one needs to evaluate the hyperbolic functions for the
evaluation of the dielectric parameters., This limiting value of- €, for
any thickness for the two cases may be obtained from.Eqs. (6-8) and Eqs. (9-11)

by putting B = B, and B' = B; into them respectively.

The curves showing the maximum value of e, Vs. thickness for the HO2
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.cutoff and for the use of only real functions for the side and centrally
loaded cases are shown in Fig. (13) and (14) respectively.

The Use of Hyperbolic Functions

It can be seen from Fig. (13) and (14) that the condition for K

N

be real gives a lower limiting value of € corresponding to any thickness
as compared to the value obtained for the HO2 cutoff. Hence, it is seen
that in the regions between the two limiting curves, one can get single mode

propagation but an imaginary value of Ké. Hence it is interesting to solve

for the hyperbolic functions in this region as the (d + L) vs 4 curve is
undistorted and enables the accurate evaluation of the guide wavelength.
- - -—-Consider first the side-filled configuration. K2 in Eq. (8) now

becomes imaginary, say equal to jX,. Hence, in the Eq. (6) @2 (Kzt)

becomes equal to tan h RZt while él(Klt) remains unchanged, as K1
K,t

remains real due to thezlarge values of €. involved. The procedure for

evaluating € however, remains unaltered except for the evaluation of

tanh K2t in place of tan Kzt . Similarly, for the centrally loaded

configuration K, in Eq. (11) turns imaginary and 55 (Kéd) becomes equal

1
to tanh sz while @i (Kit) remains unaltered.
Kéd :

There is no theoretical limitation for not using these hyperbolic relations
for the regions of the higher H mode propagations. The limitation is imposed,
however, from the difficulty in obtaining an undistorted experimental (d + 4)
vs L .curve corresponding to HOl mode propagation in these circumstances.

The examination of Figs. (13) and (14) shows that the use of hyperbolic
functjons is profitable only for the centrally loaded configuration as in the

side loaded configuration the conditions of single mode propagation and
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restriction to only real functions give the same answer, Theoretical
charts for the centrally loaded configurations for samples requiring
hyperbolic functions as shown in Figs. 15, 16, and 17 for the respective
frequencies of 8, 10 and 12 Kmc/s.

Evaluation of loss tangent (tan &)

Tﬁe loss tangeﬁt is obtained from the measurements of Q of the cavity
system corresponding to two insertions of the sample differing by half a
wavelength or any multiple of it inside the partially filled portion of the
cavity. In fact, the process of evaluating the loss tangent from these
measurements is broken up into two distinct steps, i.e., first the value of

attenuation inside the partially filled portion is obtained which is later
correlated to the loss tangent of ﬁhe sample.

The reasons for selecting penetrations differing by half a wavelength
can be understood by considering the sources of loss inside the cavity
system. These sources of loss are outlined below:

(i) Losses occuring on the cavity's sidewalls (=P1)

(ii) Losses occuring on the cavity's end walls (=P2)

(iii) Losses occuring through the coupling holes (=P3)
(iv) Losses in the material under test (=P4)
(v) Losses due to the creation of higher order evanescent modes
_ at the discontinuity (=P5)
From the general definition of Q factor,

Total stored energy-in the cavity
Q= wX Power lost in the cavity (13)

where « 1is the angular frequency.
For the present cavity system
= W % S - - L Q)
Prb+by+ B +Fs

where vy is the power stored in the empty portion of the cavity while

Wo is the power stored in the partially filled portion of the cavity.
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Now by inserting the dielectric rod an integral number of half

" wavelengths, the cavity's resonance condition is not disturbed and it
remains resonant at the same frequency. Since in the present condition,
the fields at the junction between the two dielectric portions and the
end walls remain the same and as the coupling holes are generally kept
sufficiently away from the end of the dielectric specimen inside the
cavity, all the three power losses designated by P2, P3, P5 remain
unchanged. The change in Q results chiefly from the changes in P1
and P4 which will be called Pl' and P4' for this new configuration and
from the changes in the stored energy (w1 +-w2)- which is now denominated

as (wl' +-w2'). Hence Q for this case, say Q', is given by

. W, 4+ W,
Q= W x — B/af, +ht+PR+ls (15)

Hence,

(P)= CRrB)= o {20 b

e

All these P and w terms have been expressed in terms of the various
parameters of the cavity including the attenuation in the empty and
partially filled portions and the following equations have been obtained
correlating the attenuation with the measured Q factors. It will be

shown in the appendix that:

]

.- - - - ay

D [x o+ mn ey dby s B0 s X
2 & — %

Whee, x o [ 2, a0 Se2 gy dBy + Zd sedC b P

~+-‘-Qh(¥§l C‘,') . AZ'/dw;‘— Yan C{?’zw)' C‘ZL’l - - —QE)
- “do
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where Ll' - Ll + Lo and dl' = d1 + d° , following the convention of
Equation (3). The terms Z, A, ¢« and B stand respectively for wave
impedance, guide wavelength, attenuation and phase constants. The suffix (1)
attached to these terms refers to these quantities belonging to the empty‘
portion of the cavity while the suffix (2) refers to the partially filled
portion of the cavity, d1 and Ll refer to the lengths of the empty and
the partially filled portions corresponding to the first measurement of Q
when the sample was not inserted by an integral number of half wavelengths.
The equation (1R) simplifies considerably if one starts with a completely
empty cavity, i.e., Ll = 0. In that case, the resonance condition simplifies
to
Paa‘.b): nt - - _ .. - : ‘QQ)'
ond X = ‘Z‘cl.wclﬁ;,dw- - emee - - (20}

whgre d]{o)is now the total length of the cavity.
It is possible to evalgate every term on the left hand side of

Eq.(?ﬁ)while @; can be obtained from a separate experiment, hence o,

can be determined. It needs to be pointed out that the expressions (17)

and (\8\ are applicable to both the configurations under consideration.

It has been shown in the appendix that @y is related to tan § by the

following expressionms.
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The Side Filled Case

WSp2 €€ kg_zianSL{' S, (gr*r=D) 13
+2 R L2bK K4 B2 g (9-1) + & &,k

P9 dt 1o a4 @b}
1o f T2 \3 -~

TP LRt (@0 + a kA (FREGEE)]
where ¢° - -‘-Q'.hk‘t /k,‘t S e, e e e e (2D
P = K2-kF- - - o- oo oo @

¢, = K24p*- - - - - - = -@
2
dga = K4k - . .. .. - - (W

Rm is the resistivity of the material of the wall of the cavity and is

- = - @

related to oy by the expression,
Rm — O{I

= (26
T /

where T is given by

2
T = Ve, it ab, (o)7L an
Po ™ b T AT e

where ko is the free space wavelength and b is the narrow dimension of

the guide.

All the other terms in the equation (Q}) have the same meaning as
used earlier in regard to the side filled case.

The computations needed to evaluate tan § from the measurements of Q
with the use of Eqs. {17) and (21), even though simpler as compared to the
corresponding equations in the earlier paper are nonetheless fairly lengthy;

However, the evaluation of tan 6§ from Q measurements is very considerably



simplified by making the following approximations:
(i) The total energy stored in the cavity remains unaltered
corresponding to the two insertions of the dielectric specimen;

(ii) The quantity (02wa11- oy —% ) 1is negligible compared to
o ‘ 7 wh 2 wu o
2(die1ectric)<.w ere 0é(dielectric) i- Yowall = aZ)

By using the above approximations it will be shown that if one starts
from zero insertion when x = Zy d1 dBl/du) and goes to an insertion of half

a wavelength inside the cavity, tan § may be evaluatgd from:

-(i)‘-;,— -!(_;5 = ‘\(:_- >\‘3 P|€1t «l—aﬂg‘s,(‘)o(K'zt%“’D TH}Z B
;?: M c\uo)w -1 +akd (ke § )}

where ¢£%9)is the total length of the cavity ;r;esonance corresponding to

zero insertion of the cavity. '

Both the approximations mentioned above are justifiable. Approximation
(1) is valid due to the fact that the total length of the cavity is very
much longer than half a wavelepgth in the partially filled portion (it may
be made equal to six wavelengths or more long without any mechanical problems
due to the inherent simplicity of the arrangement) and hence the difference
in the stored energy in the half wavelength long section, introduced due to
“the dielectric insértion is pretty negligible compared to the total store§
energy of the cavity. It may easily be shown from the arguments used in the

derivation of the expression for o, that the ratio of this energy difference

to the total,.~gdtored energy of the empty cavity is given.by:
AW . B
o3 (2 hade o de)
W = dw Aw
d\CO)

L ).

dp.
dw




the cavity by 1/3rd of its value,
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Equating the above e;pression to zero as gtipulated in the aéproxi-
mation (1), for a typical set of values of ll,.lz, Zys Zys deldw and
dBll'dw in a cavity which iﬁ five wavelengths long, results in an error

;f less than 1% in the evaluation of oye This error can be reduced in
MoaY

tle manner by further increasing the length of the cavity -- a requirement
P -

which can be met simply.
The second approximation intgoduees an error due to the neglecting
z -
. 1 . .
of the quantity (a2(wa11) -y z2 ) in comparison to ¥3(dielectric)”
As a first approximation one may assume the wall losses arising due to
the imperfect conductivity remain unchanged even after the insertion of the
dielectric, i.e., %uall = %1° In addition for the usual samples, the
change in the value of the wave impedance of the filled section of the cavity
after insertion of dielectric sample is of the order of 2 to 4%, i.e.,
. Z
. 1,2
Z, >~ Z,. Hence, the quantity o, .; - (Zz) oy in general turns out

to be smaller than o, by an order of magnitude or even more, Besides,

1
for a well silvered surface, if the insertion of the sample into the cavity,

by a length equal to a half wavelength, results in the lowering of Q of

. . turns out to be an order
®odielectric ¥

of magnitude larger than o). Hence, for such a case, the error introduced

by the second approximation is less than 2¢. Hence, in general if one uses
a cavity made from a long length of well silvered waveguide, the use of the
approximate equation (Q3) results in an error of less than five percent in

the evaluation of tan 6 .
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This ‘sacrifice in accuracy, which is acceptable for most of the
dielectric measurements, results however, in an eﬁormous reduction of
computational work and the elimination of the need to evaluate o by
a separate experiment.

The Centrally Filled Case

Using the same symbols as used earlier in connection with this par-

ticular configuration

mB ’ZK ( ( }Agbt "Qh{{ | 4+ K'chq’) _ ?_/L,Clcb’g
2
4 ARy SRZOEREATYT) (G + B) Hig RASCR
@ A2 B
AFbpow { Kl + K'7*t -4 4

i)

!

Hu =

KT ()]

.
-

e (30)
where
/ ,A
q)o = -}ahk" - - - - - (31)
K/
, 12 ’2
q)‘ = KRS - ey
’ 2 12
CF: “KV*F""”"""‘ (33)

w TN
"

2 12 , ' -
X, +F T N & YA



once again, using the approximation mentioned earlier, ome can obtain

tan 6 by the following expression:

/
£ kKNP p6 ang (1t 2 o)
®’ FA N L LR T KT, 1~ 9,4 ¢,'+;<;zg;za(aw/2)]_,(35)

Experimental Results

-
-

~Ol=

Measurements of permittivity have been made on various samples of
teflon, plexi-glass and a vew ceramics, with values of €. ranging up to
15. Some of these measurements have been made at the frequency of 10 Kmc
for which tables have been computed énd the.ﬁalues of the parameters read
directly off there. These values have been found to be in good agreement
with the values available from other sources.

Typical curves of (d + 4) vs. 4 obtained for teflon, both for the.side
loaded and the centrally loaded configurations have been shown in Figs. (18)
and (19) respectively. The values of €. obtained from both of these were
in excellent agreement.

The (d + 1) vs L curve obtained for a thick sample of plexi-glass
(t=.195"), in a centrally loaded confiéﬁration, for which the guide wave-
length turns out to be smaller than the free space wévelength is shown in
Fig. (20).

. Thg QL vs 4 curve for a side loaded configuration (teflon, t = .03")
is shown in Fig. (21). The corresponding curve for the centrally loaded
configuration was élso similar,

The value of tan § was obtained by taking a number of different pairs
of boints from QL vs { curve and the agreemen; in tan § value has been pf
the order of the estimated accuracy of Q measurements.

In general, the accuracy of measurement for permittivity is within 14

and the accuracy of measurement of tan § is within + 24. However, if the

approximate expression for the evaluation of tan & be used, th i
: e
accuracy of measurement of tan & is within + 73 ? estimated

el
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Discussion of Results and Conclusions

(1) From the results obtained it follows that this method is capable of
giving accurate and reliable results for the required parameters and the
accuracy obtained by this is comparable or better than the accuracy obtained
by the other methods.

(2) It may once again be stated that all the major advantages reported in
the earlier paper are retained here as enumerated below.

(i) Thevmethod of permittivity measurement has to rely on the use of
a large number of datum points and as such this is a precision method in the
sense defined by Olincr%ﬁgigltschuler. Also, tan 6 may be determined from
many pairs of results,

(ii) From the very nature of the arrangements used, there is a wide
choice in the values of the thicknésses of the samples that could be in-
vestigated. This technique because of the possibility of using two different

and the Poss"‘a'\hl\( o} using hyberbolic junchioms «f-o\— Cenh:a\l;, loaded ton pgwadon
configurationsAgives a wide range in the values of the permittivities that
could be measured.

(iii) All the measurements are made at a fixed frequency which consider-
ably simplifies the experimental work.

(iv) Once again, the errors introduced due to the uneven finish of the
end of the sample in the cavity and the tifﬂjg end walls of the cavity are
obviated.

(3) The relative simplicity in the computational effﬁrts is a distinct

advantage of this method over the previous one. For most of the require-

ments where the accuracy of i7% is adequate for tan § measurement, the
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use of the approximate expression drastically reduces the computations for
the evaluation of tan 8. In the majority of the cases, tan § will be given
within 5% by the use of the approximate expression.
{4) Th
excitation of umwanted modes into the cavity.
(5) 1t may be mentioned that this method may very profitably be used for
investigating the magnetic dielectric§like ferrites by suitably combining
the measurements on a thin ferrite sample, first by placinglit along the
sidewalls and then by placing it along the center. This technique with
the facility to position the sample in the maxima of electric or magnetic
field may be a very useful method‘for the investigation of thin films.
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Appendices
1. Evaluation of the Total Stored Energy (W1 + WZ) and the Losses (P1 + PZ)

" The steps required in deriving the Eq. (17) from Eq. (16) for expressing
the attenuation o, in terms of Q and Q' are given below.
For the evaluation of stored energy (Wl +-W2), the cavity system is
represented by the equivalent circuit shown in Fig. (22). The lengths di

1

the amounts d° and Lo , respectively, due to the phase effects introduced

and L! as shown are different from the corresponding physical lengths by

at the junction. As the cavity system is being considered at resonance, the
equivalent transmission system is short circuited at both the énds.

For calculating the stored energy, the two sections shown in the circuit
of Fig. 2, having different propagation constants are considered separately.

Consider now the section to the right of the junction plane A shown in Fig.(23) and’
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choose tﬁe coordinates in such a manner that the distances away from the short
circuit are considered negative while the short circuit is at the plane Z = 0.
S, represents the cross sectional area of the system at the plane A and n
is the direction normal to SZ'

For the system under consideration if E2 and H2 represent the trans-
verse components of the electric and magnetic field at the plane A, it can
be shown that:

Ez(trans) = D2 sin(BZZ) _g_z(x,y) (36)
and

Hy(trans) = jY,D, cos(B,2) e,(x,y) | G

In the above equations D2 and Y2 are respectively the amplitude co-
efficient and the wave impedance while ge(x,y) is the function giving the
variation of the fields in the x,y plane.

It can be shown13 by proper operations on the Maxwell equation that:

S(Ex S'“ e SEX“)'D ds - —3 4 S‘W{XTD‘vﬂ:\ SLﬁTCA Chtfg,

&9

Appiying this result to the system under considération, it is seen that
the only contribution to the surface integral S as shown in the Eq. @8},
arises due to the cross section area 82 at the plane A, After carrying
through the mathematical operations, it is found that the energ& w2 stored
in the section tg the right of plane A as shown in Fig. (16) is given by
2 !
\/\’2 B -‘—;- D, %Q‘ \rld[%z/dw_ f_‘_f_; S 1?12!}}?3_'43&-- 39

dw 2 sz
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Similarly, the energy stored in the section shown to the left of plane

A in Fig. (153 is given by

;"
= 2§4! — : 2

4 .A!JQ T 5' L .

(49

Before writing the expression for the total energy (Wl + WZ)’ it is

convenient first to find the relation between the amplitude constants D1
and D, in the two sections by applying the Poynting Theorem which is

expressed for a lossless cavity as:

ExH).n.ds =L 'wj' 2 2
(Ext)n.ds=F o) (p™ € |g’)dv
S : v -- ;,_F")
where 8 1is the surface area and v the volume of the cavity, but S being
a clased conductor in the case of a cavity. Eq. (l“) is equal to zero, hence

the total stored magnetic energy is equal to the total stored electric energy.

Applying these results to the system under consideration, it is found that

(ExH)onds, =_ [ (Baxma)onds,
s, S2 "o --42

Putting in the values of E,, H, from equations (36) and (3‘7))the eq. (41)

gives
D:?.L .eld A .
— V52T . ) ' 43
D.’- 2 s — - S'mgp.d,) . \,' - - )

Ss 3,2 ds, Sin(2p4,') _‘—f;_



Using these results together with the result of Eq. (3), the total emnergy

W= Wl + WZ is given by:

-\\)&W,_ = 1 Dlvl Snn(lpa‘l) [Z,Se (pd)alp Aﬁ’-l-'zn. |.$\°c. (Pap)dﬁz
' L +¢nu3'd')

' 2
o (pat)dz,, o tan (pl)dza ] [ €

- - -; qu)

Consider now the case when the dielectric rod is pushed further inside

A A
by an amount equal to '33 and then this reduces by il » in order to maintain

resonance, for such a situation, as the fields remain undistorted, the ampli-

tude constants Dl & D2 remain unchanged. If the new lengths be called 4!}

1

and di, it can easily be seen that:

Sec’(pdy) = Sectipidy 4 See&PJJ : Rl

Hence, carrying through the same arguments as before, it can be seen -

iy b 6o e e

that the total energy Wi + Wé in this configuration is given by

W,-}w 1 py? Sin (2. d.)je ds . [x+ Z, ),5edifs by dps
4an(p.a|,) do AS%)
where -— Z| A,&c} (P-A') API ]
2 o

y - 248&: (FO‘)O’.P}

2:2. ec (B a
+£s<““;’; 46)

+
'éa.n (P"")GIZ: +4an (M ') dz,
dw
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and W! +:Wé from equations (44), (4%5)

Substituting the value of W 2 1

1 + W

in Eq. (|F) gives

D2\{’-.S‘m@.Pd:) fe,lalg x | X+ ZZXQ Sec:‘(ﬁzg) ‘JIQZ- 235"(/’
: =)

-’ﬂn (Pl :) S‘

Gum—

_x] - ®,

A
:_&(Transm{ssion losses in length 5 - transmission loss irr-—é—)(ﬁ'])
A A
Consider now the losses in 5 section. This 32 section may be

assumed to be equivalent to a cavity with zero end wall impedances, as only

the transmission losses are to be evaluated. As the Q of this section is

quite high, it will be a perfectly valid assumption to take the impedance of

t

this cavity to be zero at resonance. This gives
-\—a.n\f@/a)a/’_) -0 4y
where Yy > the propagation constant in that section = o, + jB, (Zky
The Q of this section may be evaluated by making the resonant fre-
quence o complex and equate it to w; + jp, w; and p being its real
and imaginary components respectively. It has been shown13 that Q of

the cavity is equal to

w
r

~2p
Since w. is assumed to be complex, hence Bz also becomes complex and

50

equal to:
dg
: B, = BY 4 i 2 5D
2 Bz +Jp dw .
Hence

Y, =i e bedlr) B

')
2



Substituting this value of Yy into Eq. (48} and using Taylor's expansion,

one obtains

p - o
and therefore : ‘ ' k
Q o i AR,
T = oy dfig, o &)
Using the definition of Q as given in Eq. (1), it follows that the
A

energy lost in the section 5 = 2 oK

Energy stored in length >‘9-/Q_ /dpz/dw" - - (5)

Using the expression for stored energy as given in Eq. (39), the
A 2 -
transmission losses in -—22 section = .a‘-. D:O(2.>’2Y2 gs?. dsﬁ (5¢)

Similarly the transmission losses in )

A o B 2

-2—!'- section = -D 0( >* \{ S e‘ AS - T - &)
A
1

)
Hehcc ‘Eransm:\.ss1on Losses in length 5= _ o o - sion Losses in 2 =

22 2 '
L, S [z Lhsengelh AT,

Using the result of Eq. (58’.; in Egq. (Q?;, one obtains,

We Ix & 2209 gec> N . d
= 2./2 Sec”* ( 121) ‘3’-__2' My Sed C |d|)' (1
2 T Padis WL | P % :l
q)2 : , _
T Zodoha Sec pal) — 2 Nsed @il )
2.
It may be mentioned that the above analysis is also applicable if 4’1

is changed by any multiple of }\2 or by n 12. This results in the general

form of the above equation as given in Eq. (1§3.
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As the equations (1Q9) and (Q0) contain both the angles Bldi and

BzLi, for the simplicity in computations it is found desirable to eliminate

one of the angles by using the Equation (3).

From the generality of the foregoing derivations it is easy to see that
the above equations are valid both for the sidefilled and the end filled cases.

2, Evaluation of the terms dBl/dw and deldd) .
dBl

The term e appearing in the above equation is evaluated very simply

by differentiating the simple waveguide equation written below

2 2. .
?\ = Lo"t-l ofe — Ke : (60)
where Kc- is a constant being equal to %—T .
c

Hence d P;

-, Lo o €e /F' | (51)

"~ ap
'El_uTz- on the other hand is a more complicated function of a, t, Kl

and KZ' Consider first the side filled case. Differentiating the equations

(*71') and (@), one obtains:

Ba ol fa
dwo

i

LW Hebo —Ky dKa = Lap €, _ K, dK
Bofe—F2< te€r=%v93

Similarly, differentiating Eq. (G),
a d\’n o
?K = = dqz . dkl
\ AW Aw

from the equations (B2) and (b3, it is easy to see that

(83

Lo Po € — WO = K\ ‘é__%. '\"ch\dh | Ak,

Ak, akK, (6
Aw

dq)"/dkz.
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dK1 :
Putting the value of (-—dE) from Eq. (54) into Eq. (62), one gets

Aaga | Lpo o [ Kidda | vty 44 (65
dw __‘-3-; 3‘_{7_ G‘K\ =7
where . L. K dCYI .\,\Lg a QVAK'
' O‘Kg_ o
cld?: = Lri)ser ) - totant) e,
and AK‘ ,{L
ol‘?m/ = (a-t) kz’c Sed kola-t) - £ L“"“l“"’“
aka. dp} K2k % “n

In a similar manner, —— for the centrally filled case is obtained from

the Equations (9), ({0) and (. n) and one obtains

4P, e [ B Ml ke 2!

Ak e - ..(88)
where K la/y sz - K d‘?lék-
2
\ I
d 4).\ - \(‘{ WCDSECQ' l<l {:/2_""266\- k:-l:/), - (69)
and aw/ b N K/2 Iy _
d¢, _ . [ Kod Se (Kd) ~ankd]. .. (0

dKz' - ‘o»’ k;‘ld

3. Correlation of oy with tan 6§ .

“The attentuation constant . (¢) in a transmission system is defined

as

Rate of power dissipation . )
2 X Power flowing in the cross section - 9

o =

]

S

SR ¢ )
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vt o 9P . |
For the case under consideration 3, consists of two parts, —=—

]
7 (conductor)
i.e., the power loss due to the finite conducting of the metallic walls
and 'gz , i.e., the power losses due to the dielectric sample itself,
(diel) ‘ '
It is known that:

dr 'R 2 ,
- o H
dz (Ccmcluclw) —fm §S\ L\ AS ) -

where R~ is the surface resistivity and ’Htl is the magnetic field

(73)

which is tangential to the walls. The integration is carried out for the

entire surface area/unit length of the transmitting guide.

-———ji =L €, o n S ‘z}hJ . -
Cdz (dielecksy 2 Y -\_a \}E\ (24,
tan § in the above equation is the loss tangent term to be evaluated from

the value of o, and the integration is done at the volume occupied by

the dielectric specimen per unit length.

Finally, x=p Y=o N
P = g S “Ex Wy dx-dy. - 15

%*
where Ex and Hy are the tangential components of the fields and the

integration is carried out over the cross section of the waveguide.

y

Putting the values of the fields : e L merEmEETTI L L FaE
the Equations (¥3),(74) and ("15) one obtains the correlation of oy with
tan &6 for the sidefilled case as given in Equation (2]).
Similarly, putting the values of the fields : - i oEmd
. in the Equations (Y3), 074) and (f5), one obtains the corré3ponding
expression for o, in terms of tan § for the centrally filled case as given

in equation (28).
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4. Derivation of the approximate relation for the evaluation of tan §.

If the first measurement of Q, say Q> corresponds to :;ero insertions
and the second measurement, say Q, , to half wavelength insgrtion, it
follows then from Eq. (17), ignoring the difference in storgd energy in the
~ two situations:
e

from equations (Q0) and (E&1),

\f’: ().(, - X/(P) s 23_49_21:._2‘6(, 2\_1
PR ( 2 %
2191 (0)™o%0
By
when dl(o) is the resonant length of the empty cavity

Now putting the value of X =

di, W Hoke (1 _ 1 ) 22, dad
(o) P, (C\)—Q) = Zq A2 —°(,>| A

- \ -é-‘
Hence
w? | R |
'_Z_J o7 Pt @)L—L RS - R
TN ' Z: A T @AY
2 .
Now if oy is written as aZ(wall) + a2(die1)’ one easily obtains the
Eq. (29) from the Eqs. Q1) and ("IS), where Q' and Q correspond to Q, and
Q;, respectively, if {QZ(wall) - )\12/7\22} be ignored in comparison
az(dielectric).
5. As mentioned earlief, Q of the cavity is obtained at a fixed frequency
by the tuning plunger by keeping {4 fixed and varied. The relation between

6d and b6f, the corresponding frequency charge, is obtained by differentiating

Eq. (3) which gives

8o, B[ Ziserl) + (EF)]
EP __ ! d i <19
Sec? (B l')522.0'dP2 4 22 4'dg,. 3
+ tongat) d (2, ) %f:E;'-d%'




Fig. I - Photograph of the Cavity System



—
z
F

- L .
i
777777/ 77777777} , g (AT | MU P N
LLLLLLLY - | Uning 1wngey ToTNEC
— . = — Micvomeley Diive

Piceclie Rog

(‘\Scr‘im Contvolled ‘)Y

Micrometer vive)

O\x\\nﬁ' quide

E:_9 2 ~Gencra'l QWahgemmT 0} The tavily 4 T, gam\;\‘f

~——- d®~————-:‘g§€t; 9 L .

82 — EQbivrﬁeﬁf cireit {or the cavidy

=1
)

( ‘\'QhShySs,m Vines W) 1@)\‘3‘)"8?“‘]' Yhe Vo Mmodes in The “ﬂb*‘v
d \)Qﬂ-\cﬂ\ &-.\\,a ‘)oﬂ‘ms o} '“\c CoNy “’S}m.‘\\\le\%)




a4t
/,

Sﬁ
A

!
273

. v o
Eg 4""‘ Geneml Sho_‘)e Q& the Curve S\'\ow\n5'“\¢ c\e\xm\ma 0*—

\d’* Uy an b’

. . ! 'X
Di ‘ ] Jl =
g;)ee;;]‘;lf ' /

conils Stde WAl
Fios — Ammgemen\' showing The Soamble along The Covilys Side W




f0°1

11°1

101

€21

Qg1
12°1
c91
as°1
qs*1
09°1

891

60°1
LA
81°1
£2°1
Lzl
[ATRA
tetl
g9l
gu*1
£s°1
a1
99°1
0L°1
L1l

€81

4R

T1°1
911
221
Let
€€ T
€e*l
G%° 1
161
161
€91
oL*1
IY A
[N
0e°1
86°1
s0°¢

£1°e

Q¢ -

11 81°1 ®e2*1 ee°1 Ly*1 L1 612
0Z*1 9¢°1 wel AR 19°1 20°¢ £9*2
Le*1 (A an*1 29°1 g8°1 te*e CARS )
he* 1 [ 251 9L*1 gn*e 29°2 29°¢
T7°1 AR | 191 16°1 ge*e 16%2 <oty
EL A 09°*1 LT aote Ly*2 Bl°€ M¢.¢
661 691 &d* 1 0é*¢ L9°%¢ GH°E L8 Y
29°1 8L T 00°¢ hetd 98°*¢ 2L*E 62°* 6
oL*1 L8°1 212 89°Z s0°¢ Lé6*E é9°s
Li*i 96°1 €2 ¢9°2 €2t ety 16°S
G881 602 we'e LLte 19°¢ A AN 1£°9
€61 612 992 16°¢ 09°¢ Ly ¥9°9
10°2 VXA L5 s0°¢€ LL*E b6y 96°9
60°2 ve*d 69°¢ 61°¢ 96"¢ L1*s 12°L
L1°2 hy*2 0g*e fE°€E el*y ov*g "L
92°*¢ %62 26°2 Lly*e {198 ] ¢9°s i8°L
el v9°*Z 20°%¢ 29°%¢ B9y 78°G 618
€H°*e Yt e 9l1°¢ 9L°€ G9°*H 60" 9 tvy°8
%32 g2°¢ 06°¢ €8y 1L2°9 0L°8
I7°¢ 50°Y 00°s 8%°9 Le*g
L1°s 69°9 we°*6
26%6

>4,>.«€rg»u&
SLL- o4t - A ot [ANEE Q% CIAN
(FwAB S FIUMbITY) 9oL i_.Zx _.E\,mm ;rmcﬁ.mg z

12°¢
o1°Y
€6°Y

oL*

0w

(4 AN
oL
FLL
fE B
688

Z9°6

€Lt 1l
€1°21
262l
0621
92°¢l
29°¢€1
96°¢1

0e*vl1

26°01
9z 21
6y el
0941
L9°g]
16°91
suLl
9291
£0°61
w161
1%°02
»0 12
69" 12

2etee

§L9-

30°91
96°0¢
[A T4
n9°92
1Lt 1

LE*ve

LT3
€9°0%
1e°¢%
Z8°¢ch
12°64%
Y9y
GO LY
9L°8Y
9L°6Y
12708
19°1¢
9%°2¢
LZ°¢es
%0° %S
gL%G

6%°5%

50

00 %6 0%*9
6L°L11 0e°9
63 yr 1 0e°9
cLLnl o1°9
f0°Ral 009
AR 064
Gatell og*s
05611 0L°¢
09 %atl 29°6
€0°621 06°¢
16°261 0%°g
9e 961 oe°sg
G661 0ets
wZ2°*202 01°s
LL*v0e 00*s
©0°L02 [$1- B
ce60¢ 08°%
Ge*1ie oLy
c0*ell 09°%
VRS A¥4 oa*y
19912 0%y
1611z 0e*y
ay*ele 0l°%
(25" )

(eY)Hibu

. 8RN0 7/

ST0" ()5S UL




SRR
20°1 20°1 £0°1 €0°1 LOAS 90°1 HO* 1 [ABE] gt of°1 15°1 ot *¢ gl s RE MY Be*?
801 [ | e st 61°1 LIAR terl I3 281 oLt LARE4 [0 2 te’s ¢ LAV ab* sl
Y11 111 1e*t s2°1 [4 381 191 66" 1 9L 21+2 Lz s0°*y el*L 0Ll S1°RY 062
1271 22z°1 621 12 v9°l 961 €11 102 L1 A4 w2'e 8Ly 1e°8 946l 0L %8 98¢
121 1€°1 £l 91 $s°1 69°1 06°1 222 €172 €9°¢ se*s L2*6 60°12 clLtee 28°2
ge"1 hel £6°1 §9°1 18°1 %02 1S AF4 R6°¢2 “6°¢ 08°*¢ 96"6 9¢*2¢ . 958°16 BL"¢C
19°1 sLt1 €61 61*2 892 61°¢ €2°y B9 tsrotl X8 ¥4 $9°Eh L7044
v0*2 ee2 €Lz -1 81 19°Y 15°9 86°01 96°t2 RZ*%6 oLe
9S°€ 69y 6L°9 8e° 1t 09°%2 29°96 99°*¢
21°6¢ 9 L6 292
@ﬂﬁw;
INT
faudusy
@Sy« SLE. 9% g7, °ST. 5T oz SL i ST v s gor  sLor Tyl
. Gun TBaada]y gL AR e
L6y
60°1 o1°t €101 91°1 0zl 921 9€°1 261 8Ll 82*2 fE°E £0°9 .€9°¢1 26 °¢R 06°¢
»1°1 L2084 o0z*1 w21 1€t 0%°1 681 a1 s1*2 111 oLy 682 £6°61 %0°66 68 ¢
61°1 2z°1 [X AR €€ 151 LI R 2Lt 00°*2 8y 2 GE°¢E ol*s LA 0 60°€Z L0°607 08°¢
®Z°1 8z*1 ve"1 Tl 16t 991 aa°1 ezte BL*E AL*E al°s 2a’ol IR T4 s6°611 LY Sa 4
h 621 el 0%°1 LA 19°1 §2°1 €0°¢2 Zy*e 60°¢ L1y Le*9 LA 8 el 16°021 oL'e
¥ vE“Y oy*1 i%°1 1571 Tt o1 -3 4 19°2 [ 247 26°%Yy 88°9 1e°2t 98°82 £8°h21 G99t
[ 6E°1 sv°1 v6°1 §9°1 08°1 102 2t 8L 2 €6t €8y £e°L [oet [A R4 3 067221 09t
i 16°% 09°1 €Ll 681 212 13 A4 $6°2 SL°€E 21°s €271 €£9°¢€1 61°1¢ Zuotl 66t
m L9°1 08°1 86°1 zez°z es*2 11 56°¢ BE®S ol°8 JARA A 212 heoltl 09t
g8°1 102 €€ 2 oLee 92t €1y 29°s [ 2] 99°%1 t6°2¢ sevel (1 281
si°2 €9°2 8¢ (1141 1€°% 58°¢ YlL°8 0r°s1 S9°EE %66t 1 0%t
26°2 fe*2 L2341 4y 10°9 20°6 169°6l ot ot YEt Ll SE€'e
L9°¢ b9y 12*9 6Z%b LA LY 22 cotgel 0t "t
& 266 [ XA by st vltevt
i T

_ nm. £...r. om. ,n__.«.owm. .£.a. Sd..n.s.om,. mﬁ. _. m_.o mO. .m,...}.
| T.Ex [TACIELITYS D) uSaa J;..x..E»m& £m5_‘o>az




R‘-’gion T \

-

Region g » |

N ER 7
. ‘:\3()) - C\’OS‘C Sec,\\'o-n 0-8 \\\e, CON"l\' S\:)Slem when ' The dilelde s b\nne‘
Q‘"‘B he  cenler o} ™e Cvoss sechion )




L0°1 ®O°1
e 111
211 511
creT 611
el wzZ*l
S | g9z*1
1€ efrT
cecy S€°1
Lol €91
IXAD Y

¢6°*1 w61

5671 09°1
19°1 Gg*
w9 201
vl 6L°1
18°1 6g°1
a8 1 ge"l
$6°1 z0*2

{0*2 o1°2

217 . 61°2

Ts2 19°2
29°¢e €2
w612 90°2
vete 16°2
EITA 9¢*

]0°1

261
ag°1
”9°1
el
L]
68°1
£6°1
10°¢
012
61°¢
822
RE"2

X 2ar4

601
€1°1
artl
£2°1
"1
[0 ¢
He'l
Hh
06°1
961
£9°1
691
XAt
b8l
26°1
10°2

60°2

6€° 2.

0s*¢
19°2
€eLce
98°2
00°¢
[ B2

0Z2°¢

o€ "

611
61°1
aze
gl
agey

A A

01°¢
612
622

0Y°¢

€£9°2
9L
68°2
€0°€
Hl1°¢
vete

8E"¢E

e

6L°2
£6°2
80°¢

£2°¢

q2°

[A 00
aret
vzl
ce*l
11
991
16°1
6601
1971
sl
»8°1
€61

£€0°2¢

66°¢
éLte
“8°2
00°¢

G1°¢

29¢
11:R14

98¢

€z

AR o1°1
0z°i €2°1
1z°1 Te*l
2g°1 fye
78 ne
0g°1 PgeT
891 19°1
191 117y
K 181
s8°*1 Re°* 1
se°l () 4
50°2 12°2
9t°2 wge 2
B2*e L2
0y°e 192
62 [YAXA
59°¢ 06* 2
6L 90°¢
v6°2 €2°¢
60°¢ 19°€
s2'¢ 65°¢
¢utE 6L°¢
19°¢ €6°€
o8¢ 12y
00" % Ghty
12°% 699
0z*w 29y
TRAGGRL
oz* ate

SR
61°1
82°1
L€l

FAAN|

9°]

6L

£0°2¢

€S H
aL Y

90° %

(28 hauonbaip) AL MNEINY - YhuoRAnM

£zl
9E* 1
CTAN |
HG* 1
nge g
€81
L6°1
FARNS

L2t e

og*l
LA A

66°1

161

9o,

92*2

hHte

€9°¢

%86°¢

bl°e

66°¢

291
£8°1
20°2
bete
€52

AL*Z

68°€
1Y
£G°h
8%y
€2°%
19°¢
00*9
1%°9

#8°9

966
86°01

12°6

80°

211
10°2

£9°2

96°¢
649
oL
£9°L

hZ*e

XA R
R RA

wrtel

6291
ge Ll

22°¢1

L1l
seefl
00*q1
2191
2681
0%°02
9erze
29w
96°9¢
13°9¢2
L1%1¢
79°¢f
€£2°9¢
G6°" 3¢
18°1Y
18 %%
96°LY
6216
L6

192G

099
0e*9
02°9

01°9

0Z°¢
or°s

00°s

0s*Yy

28°¢
Swiay
WEua3nom
Gz

HTssuNdNgy



;ﬂ
w1t 1
Co 21
st
nery
14°%1t LA §
hel 16y
A pery
791 nge]
aL1 (7R
(VR3] a1
ne e uge
vot 00°1
RER ARD
wlv1 K101
(X431 (3431
teet 11
A 2€°1
Coey 2901
LA} [ A0
101
“46r 1 91
war | w9y
(VR3] [V
v
W1 o0& 1
2601 w61
Ot | nore
16%¢ w1tz
1y e
by e e

20°1
601

LARA

£9°1
e
Rl

syt

o1°1
s1°1
Tzt
121
£l
6€°1
L2
761
65°1

99°1

¢Cc*
oy
RARA
“et1

4wt

nt

|

yoey

netl

LR

anct

06

[BUAN

[

e

‘bt

tote

RlARE4

Gl

10

$1

e

wetl

2741

L '

RS

et

1Z°1
ut
147
£
o1l
A
0t e
Lt '
627

(344

20" 1

11°1

et

162

TR TS

nee

LA

RIS
fo0 1
69°1
981

f0*¢

£ 0

B G TR P DT E AR ST IV EF ) | u?)9h0

oret
211
£2°1
67
q9f "1
291

&y 1

(RN
vt
901
an°e

LARNd

utte

0% "

e
eyl

LY |

vt

et

LV

101

g6t

ki

kAN

Iwte

W

n*1
XA

DRSS

luce

[ aN'e

VANS

ne'

[ARS] 911 arey
ez Ge*1 1241
(A GE*T 0%
(1281 16°1
RN 61 £9°1
2901 L7
991 LY 981
QYA 991 66°1
91 1671 212
961 70z s¢te
ngre oz°¢ Re 2
e 262 2q°¢
RZ"e 2 99 ¢
reee 15%2 1g°2
Te°¢ 17 92
f9°2 w82 | SREY
9l*e 462 ¥l
e r16°2 (74X
LEUNSUNIVE f
fn uze nte

RN

221

0te
e
€2
142
£9°¢
612
96°¢

€1°¢

(ol oBURITY 53745 FFi Ay ;?cmﬁuﬁlsljl

20°*1
LY AN
LA
q9*1
w81
w0t e
62 ¢

fty*2

80" ¢

£l

L7

662
61°¢
1887
09°¢
2g°¢
LDAA ]
92y

(A7

1

101

a9°1
t8t1
01*¢

9t*¢

06°¢
AT¢
9%t
wltt

65 €

o1*

[5:001

or-

[CA
991
zatl

e

9y
IR

%Yy

®wo*

Yo't

19

AR

G9"f
62y
LIS

69°g

9%
20" 9

099

6E°01
anc1y

460

G0*

291
111
6hee
al°n
L6001
19°21
fRHT
LARFAI
Lu6l
%912
IXAa T4

f1°11

9h*e

59°6

oy

L )

10°11
821
LR
£L°91
Ll
91007
L AN 4
6L HE
AR R4
Ty
or*1e
LY X1
Gy rog

‘ot

e

ZHT S

kY

wiee

ng=s

DL AN

r90e

Y6t
Wiy
FICTTEINCY

0OH*

LA

a9t *s

0§t

qares

N




MOximum Er

ko

W)

1 ‘-n 1 . :'
Ide JFiliegq ¢ O“j‘S wyatien

em-=  Cuwz loy xeepna K, ‘eal.

li
— { e ) by 2q @
Cunve gor S'mg"e mode | opag &riem

05 N N :IS . .30 A5
“\i-c\(ness of Sample in inches-
Fsrz |
The oreki Ca] Cuwes Coviel akem £, (mac) Loith  SambY

"

M ! Ao _"'
the Single mole brobosaken  and lim! 1o The tae .

‘2D

L
R sSes ~f-'v

‘ffa.: ’Tunck:vu-



o | \
\‘i
€0 \
\ Ceﬂ.}Y&'ng }d‘ed Coﬂf"guwaliaﬂ.
i
\
}
JL‘SO v
A
\
Ao \\
£ \
z )
3 _ v
= g \\
I o ‘
o \_
|
0, X
C ov |
iﬁ \ ‘ Cue sS Cuve &0\’ single mode ‘?YD%QSGA‘W
VAT -t
10

‘1 | 2, 3

Tickne s$ O} Tthe S cxmp\z (inchag)

Ky 14
“Tr |
L " ! n . N .

Popasakon  and Lo il Lo the wcq Ol veat dunekiens -




cd"9l
29°61
v0°61
EG*H1
v1*%1
et
CE*6l
621
521
creel
ce* 11
[ 2R R
7111
€L*0l
29°01

g1°01

1%L

(42 g

YeE*1]
€6°07
5901
€e°0l
10°01
1L°¢
£9°6
G1e

ge*s

£1°8
06°2
89°¢
9%°1
62°%¢
“0°4
e8°9
999
8%y
o€’
€1°y

96°5

€L°8
9%°8

0¢°g

6L°6S
£9°¢g
B%°s

€E"S

99y

LE*L

s1°L

6°9

8Ly
S99y

€9y

(w

te2*9 59°9
20°9 q9°6
06°6 [4 244
€eLts 916
§96°% 10°¢
LAY lasy
ETAAA €Ly
21°¢ 09*%
96°Y 39y
8%y Sy
69y weth
18y 21°y
CL S 20°y
teh 16°¢
12 18°¢

00*%» 9%
06°€ £6°¢
08°¢e bt
1L°€ 9e°¢€

19°¢ 8¢
€S°¢ 02¢
KA A4 e1°€
9e° € q0°¢

82°¢ 86°¢

og* 9€°

/8 *y
9L*h
09y
19y

GE*Y

€0°¢
96°2
68*e
€8¢

9L

19°

9¢e°¢
Be*¢t

0Z2°¢

LLt2

1z

c9°2

66°2

Mgy

G4

tgTy
89°%
L2
gy
L n
LR
€0

26°¢

L1t
62°¢
20°¢t
662
Re°2
18°2
6Lt

69°2

‘w_m¢kql

(R ]

ETA)

EAS

90° ¥y

1€
60°¢t
20°'¢
v6°2
18°%¢
18*¢
LI AR4
89°¢

292

N RISy T T A TTAT I LI awid itk 313AVA

He v
w2y
11°%
£6° €
18°¢
e
99°f¢
Cot

RLARY

96°2
68°2
282
sL°2
69°2
€9°2

L15°Z

Ge*e
1€°¢

92°2

19°

sl°e
L0t

66°2

wee
§9°¢
66°2

€5°2

Zn°e
rete
4 B4
L2°e
€2

g1°e

99

20°%

£6°¢

18°¢

tLe

%0°¢
L6°2
68°2
4: 4

6L°2

ah*Z
[sL A4
6e 2
oe*e
622

022

he't

(24
g2°¢e
€22
612
61

012

f3°*f [AAF4
1L°¢ 06°¢
66t 662
[ 8% coe
EE'E 69%¢
(YLt 0Lee¢
0Z2*t cl*e
e 0r*¢
FO°F a6 ¢
66*2 (0194
132 66°¢

€102 50°€
992 01°¢
ne*z s1°€
vge e 02°€
842 G2t
£9°Z Of "¢

Lete (3247
[4 4 O%°¢
Ltete ah*t

€22 06" ¢

a1ee (1084
h1°2 09°¢
60°2 G9°t
c0°¢Z 0L*¢
c0°d n\.m
w3y
YU e A
(wa)y

19° &+ SS3UYY




12°91
16°61
08 H 1
tZ*yl
“9°el

10°¢1

6189
€87

g9°L

99°%
9E*S

60°%

ot

%911
e1°tl
96°01

12°01

16°¢s
99°g
428
61°4

L6°%

96°8
0Z'8
s8°L
€91
2L
26y
%9°9
Le*9
19
98°¢

£9°6

1LY
86y
(3
12y
90y
18°t
e
(138 1

[+ 24

0L*9
[4 2]
91°9
0&°s
99°6
hhq
ezts
10°s
18°%
29°Yy
bh ey
9z
60" %
€6°¢
8L°%€
€9°¢
8% ¢
L4234 3
12°¢
80°¢
66°2
£€8°2

e

60°L
LLe9
8%°9
0g*9
LT
69°S
(L 283
f2°a

20°s

oty
"6°€
6L°¢
%9° ¢t

0s°¢

999
91°9
68°¢
£t9°s
6e°S
B2 B
6y
QL%
96y
8e°y
0Z*Yy
90y

[8°¢€

sH*e

(124

Lz

9e°

Ly
RG Y
LE Y

[ XA

13 Al 1

f0°¢
162

9g°¢

§9°2
96°¢

99

ETRYE]

-2 R
L9ty
Ly
62y

1%

YRS1
%9°¢
0s°¢
Le°te
9we'e
Z1te
00°¢
68°2
6L
69°2
65°2
0s*e
19"

€e°e

were

0e*s

64 ¢
€Le
66° ¢

[ 2281

§6°2

EL A4

2Z°y
20y
18°¢
e
98¢
T4 A"
Y41
e
20°¢
£6°2
28°¢
2Lz
£€9°2
£5°2
hhe
9¢°*2

82°¢e

TTVWAOY 3ITGVE ALTATIIIHYId HIONT1IAVM

1899
Y9° 4
€y
€y

60° Y

wee
29°¢
€st 2
kA A+
sete
12 2

0Ly
8y Yy
@2y

A0° 4

L1°¢
G0°¢
€6

28°2

LA A4
9€*2
82°2
0z*¢

L1 4

96°¢

I5 241
€et
0ere
10°¢
G662
w82
wite
992
k44
vt
LE*¢e
6bZ*e
12°2
L2 4
Lo°e
00°*2
%61
88°1
281
L1

21

VAR

29°¢

18
Lre
a9¢e
L6472
EE A4

6€°2

60°¢
202
36*1
061

LA

YEh

12 B ]

K1- 381

RYRAY

LA A81
of*f

91t

404
na*z
oLe

492

nete
81°¢
11°¢
%02
R6°T
26°1
98°1
08°1
LY
0Ll

59°1

ar°1l

a6 1
nyte
cqt2

V2 4

Qe*2

0%°2
552
09°2
s9°2
oLee
512
0g*2
582
062
¥

00°¢
AN SRS
Yty

18 -+ -SSSWidIYy




68°g

€9 °

£

i1
€8y
LR AR
91y

v8°€

cre

9121
8y* 11
68°01
Lc° 01
£L°6

[

19°4%
YE* Y
60°%
8¢
09°¢
lee
Yi°¢

262

s1°

ne*e

20°9
9L
Ly*s
02°¢
€6°n

RG°Yy

15°¢€
Letg
81°€
66°2
182
€9°2

949*2

oz*

86°8
80°8

292

9%t
g2t
11°e
b6°2

8L°2

VR 2dt]

apeg
»1ts
16°%
99°%
|2 Al
12°%

00°* %

vt
Lé*g
ot°e

S6°¢

10°¢

ne*

L0°¢
69°9
92°9
06°g
86°4
Lers
00°¢

e ]

8%°¢
1€°¢
sl°e
00°¢
GR*2
e
85°2
sy*e
(34
2z

60°2

38°1

ae*

(€l R ERTI

L6y

19*9 62°9 l6°G HL°S
12°9 98°6§ 09°s s
¥R*G 16°g 9¢°s G0°*¢
ng*y bl*S Go° Yy GL*Y
616 06y L3°Y 974
16°% £9° Y AN €2
G9°*% RE® Y L1ty [WIo R
199 S1*4 a6t 8L°¢
Bl*H ve'e hite 66°¢
L6t YLtE 66°¢ 19°¢
g L0t S6°¢€ ge ¢ hete
! 896°¢ PEE 12°¢ q0°¢
19°¢ 12°¢ 90°¢ €62
n2E 30*%¢ 16°2 Y
60°¢t 16°¢2 1L 99°¢
v6°2 L2 v9* 2 %6
Q 08°¢ %92 [4 34 A AN4
99°2 2582 o%°e 1€°¢
hs*2 [0} A4 622 0e*¢e
|8 A [YAd4 61°2 otr-e
o€z g1°2 60°2 10°2
61°2 80°2 66°1 [1- 2
20°*2 86°1 061 €8°1
26°1 88°1 18°1 LT
.mm._ 6.1 €Ll 191
8Ll wei G9°1 09°1
R
1% 9%° 1s° 9s°*
ALTAT I wiYdd HIONITIAVM

66°¢6
02*q
g0y
46y
2eT Y

0y

69°¢

99t

2l°¢
L6
28°2
69°2

96°¢

heEt2
€2°e
€1t

20°¢

98°1
fL*Y
oLl
€9°1

9%°1

19°

(41 244
50°¢g
€Lty
Gty

[

18°¢
aL°e
19°2

64 e

to¢
36°1
681
18°1
tL°l
29°1
65°1

261

99°

Yy e
9¢°¢
60°€
v6°*2
612
99°2
%62
242
1e°¢
122
e
20°¢2
€6°1
G8°1
Lt
oLt
£€9°1
96°1

05°1

1.°

99°1

09°1

€6°1

vl

9L

AR

1¢°¢
112
20°2
€6°1
s3°1
8L°1
oLl
€9°1
1s°1
16°1

Gyl

Yhur

18° w200y

01
qaetl

o%*1

(eI
66°1
091
59°1
[P ]
s1°1

081

C1 4
an*?
“y*2

062
(wy)
VINONA
Twyy



‘o
2

Volue of €r obtained hom lisug): 228

B0

7Totol length of he Cavily (eme

830

0 10 2-0

Lens\k o4 kehe*rcﬁion (cms)

H‘B@}—— Variakon of the tolal \em\\ of the cavily with diclechvic mserkon
for Yhe Side [iled conliguvakon t:3)



. w &

oy

9.03]

\alie of € oblained Jrom a9y < 226

PR

To'\ OJ. 1en3‘m o4 “\: Cawdy lemg)

8.45 '
o i 2

\_eng\\-. of bpencivalion (cms;

Bepene,

.\-'-1-9 18- \IQYiO)Hm\ 03 -‘o‘}a‘lieng\\ OS ““-\e Conly with &ig}ec\'ﬁc

Wsertion I;or the centyally fited confisuvation t's.y",




- 4o | |
™ ,_ \ o
§ \ /\0 = A.191
£ . 2.82
3 ! Ng, = 2 T | |
- \olee of € Oblamed from
=1
52 by Cuwe 2.5
2
S
=5
o)
ji
3
|

S -

v

len g'“\ o} &)eneha\i;n(cms)
Fs (o) | -
\/QrYi Qlion‘ ¢f LOL:Q (\e,ns‘\k o} the Ca\('\l‘( with, A{-ek;"né
i“SEY"h'an —?cv Cen’fvm“\d 10039& Co‘n&iguYahm 'F"V o S“m\Pe {'

-~y

Plexi gloss jd -.1957),




Q. 0_{ Hhe cavi ly

fo”.

20

15 4

\IQ\ue 0l ‘fanf o\\oi nd S'M\Fs@i)
s\ x5

\.tng'lh Q4 %\St-r"\an(th\S)

G9L‘) —_— \]Qhﬂ'\iOh Qi (p \0\\\ '“\e \mﬁk 0:\ \nseﬂ\m\ ‘&w The Side S\llcq

Configuy ation (t:0.7")




